Objective: In this study, we determined the effects of graded doses of testosterone on muscle fiber cross-sectional area (CSA) and satellite cell number and replication in older men.
Methods:
Immunohistochemistry, light and confocal microscopy, and electron microscopy were used to perform fiber typing and quantitate myonuclear and satellite cell number in vastus lateralis biopsies, obtained before and after 20 wk of treatment.
Results: Testosterone administration in older men was associated with dose-dependent increases in CSA of both types I and II fibers. Satellite cell number increased dose dependently at the three highest doses (3% at baseline vs. 6.2, 9.2, and 13.0% at 125, 300, and 600 mg doses, P Ͻ 0.05). Testosterone administration was associated with an increase in the number of proliferating cell nuclear antigenϩ satellite cells (1.8% at baseline vs. 3.9, 7.5, and 13% at 125, 300, and 600 mg doses, P Ͻ 0.005). The expression of activated Notch, examined only in the 300-mg group (baseline, 2.3 vs. 9.0% after treatment, P Ͻ 0.005), increased in satellite cells after testosterone treatment. The expression of myogenin (baseline, 6.2 vs. 20.7% after treatment, P Ͻ 0.005), examined only in the 300-mg group, increased significantly in muscle fiber nuclei after testosterone treatment, but Numb expression did not change.
Conclusions:
Older men respond to graded doses of testosterone with a dose-dependent increase in muscle fiber CSA and satellite cell number. Testosterone-induced skeletal muscle hypertrophy in older men is associated with increased satellite cell replication and activation. A GING IN HUMANS is associated with a progressive decrease in skeletal muscle mass and strength (1-3), resulting in an increased risk of mobility disorders, falls, and fractures (3) (4) (5) . The age-related loss of muscle mass reflects largely a preferential loss of type II skeletal muscle fibers (6, 7) .
Testosterone is being evaluated as an anabolic therapy for age-related physical dysfunction (8) . Systematic reviews of literature (8) have concluded that testosterone supplementation increases skeletal muscle mass in hypogonadal men (9 -11) , men with chronic illness (12, 13) , and healthy, older men (14 -19) . However, the mechanisms by which testosterone increases skeletal muscle mass are poorly understood and were the focus of this investigation.
It has been suggested that skeletal muscle of older animals is less capable of adaptive response to injury or anabolic stimuli (20, 21) , although similar data are not available in older humans. Therefore, we investigated the changes in muscle fiber cross-sectional area (CSA) in healthy older men in response to administration of graded doses of testosterone.
Because muscle satellite cells play an important role in mediating the hypertrophic response to anabolic stimulus and muscle injury, we determined the effects of testosterone administration on satellite cell number in older men in muscle biopsies obtained during the course of a testosterone doseresponse study (14) . We compared these data with those obtained previously in healthy, young men (22) .
Changes in satellite cell number could occur due to either changes in rates of satellite cell replication or satellite cell apoptosis. We used immunohistochemical staining for proliferating cell nuclear antigen (PCNA) as a marker for satellite cell entry into the cell cycle. Based on data in porcine satellite cells (23), we hypothesized that testosterone administration would be associated with an increase in PCNAϩ satellite cells, consistent with an increase in satellite cell entry into the cell cycle.
Notch-signaling pathway is essential for satellite cell activation during embryogenesis as well as during adult muscle regeneration (20, 21, 24, 25) . Skeletal muscle regeneration in older mice has been reported to be impaired in comparison with younger mice due to impaired capacity of satellite cells to proliferate and form myoblasts (20, 24) . Conboy et al. (24) have suggested that decreased regenerative potential of skeletal muscle in older rats is related to diminished Notch activation (24) . Numb is an inhibitor of Notch signaling that interacts with the intracellular portion of Notch and antagonizes its activity by preventing nuclear translocation (24, 25) . It has been proposed that interplay between Notch and its antagonist Numb determines postnatal myogenesis (25) . Because activation of Notch-1 promotes the proliferation of myogenic precursor cells (25) , we considered the possibility that testosterone increases satellite cell replication by activating Notch signaling pathway. Accordingly, we studied the changes in activated Notch expression in response to testosterone administration in older men. In addition, we evaluated the expression of myogenin protein as a marker of satellite cell activation and myogenic differentiation.
Subjects and Methods

Experimental design
The Institutional Review Boards of Charles R. Drew University of Medicine and Science and Los Angeles Biomedical Research Institute (Torrance, CA) approved the protocol. All participants provided written, informed consent.
The study design, inclusion, and exclusion criteria have been published previously (14) . Briefly, 60 healthy older men aged 60 -75 yr were treated with monthly injections of GnRH agonist (Lupron depot, 7.5 mg) to suppress endogenous testosterone production and weekly im injections of 25, 50, 125, 300, or 600 mg testosterone enanthate for 20 wk (Table 1) .
The volume of the thigh muscle was measured by magnetic resonance imaging (Signa Horizons LX scanner, General Electric Medical Systems, Milwaukee, WI) before and after 20 wk of treatment as described by us previously (26) . In brief, magnetic resonance imaging scans were obtained from the entire thigh, with the first slice taken at the distal border of the lateral femoral condyle. A total of 17 slices, each of 10-mm thickness, were taken. The thigh muscle volume was then calculated by integrating the transverse slices by use of commercially available software (General Electric Volume Analysis software, AW version 3.1).
We obtained muscle biopsies from the vastus lateralis muscle group before and after 20 wk of treatment in 41 participants (Fig. 1 ). Of these, data on 36 subjects, who had both baseline and posttreatment biopsies of satisfactory quality, are reported here. As described previously, energy and protein intake were standardized (14) . Subjects were prescribed a diet standardized for energy (150 kJ/kg Ϫ1 ⅐d Ϫ1 ) and protein (1.3 g/kg Ϫ1 ⅐d Ϫ1 ). Dietary instructions were reinforced monthly, and compliance was verified using 3-d food records. The subjects were asked not to participate in sports events, resistance exercise training, or moderate to heavy endurance exercise during the study. These instructions were reinforced every 2 wk.
Hormone assays
Serum total testosterone levels were measured by a previously reported RIA that has been validated against liquid chromatography tandem mass spectrometry (LC-MS/MS) (27, 28) . Free testosterone was separated by an equilibrium dialysis procedure and measured by RIA (27, 28) . The RIA and LC-MS/MS methods (15) were compared by analyzing samples prepared in charcoal-stripped serum to which known amounts of testosterone had been added. These measurements demonstrated a correlation of 0.99 between the RIA and LC-MS/MS measurements (28) . The intra-and interassay coefficients of variation were 8.2 and 13.2%, respectively.
Muscle biopsy and tissue fixation
Percutaneous needle muscle biopsies were obtained from the midregion of the vastus lateralis muscle before treatment and after 20 wk of testosterone administration. Each muscle biopsy was divided into two portions; one portion was fixed in 10% formalin (26) and the other in 5% glutaraldehyde in 0.05 m cacodylate buffer (22) . Formalin-fixed tissues were processed and embedded in paraffin and used for light microscopic, morphometric, and immunohistochemical studies. Glutaraldehyde-fixed tissues were used for electron microscopy. The electron micrographs were used to determine satellite cell proportion.
Additional muscle tissue, snap frozen in liquid nitrogen immediately after biopsy, was available for Western blotting for a limited number of subjects.
Muscle fiber typing
Muscle fibers were identified as type I and type II fibers by immunohistochemical staining using a mouse monoclonal antibody (Sigma, St. Louis, MO) specific for the heavy chain of fast myosin (type II fibers). This antibody recognizes all subtypes of type II myosin heavy chains (MHC) but does not cross-react with type I MHC (26) . The slides were counterstained with hematoxylin. The fibers expressing mixed myosin heavy chains were not counted separately but counted as type I or type II fiber, depending on the prevalent expression of myosin heavy chain (more than 50%).
Histomorphometry
An RG-3 grid (square lattice with 121 intersections) in a Leitz Wetzler (Wetzler, Germany) (HM-LUX) microscope was used to determine CSAs of type I and type II muscle fibers (29) . A minimum of 100 muscle fibers of each type were analyzed in each biopsy specimen. The fields were randomly selected, and all muscle fibers encompassed in these fields were evaluated.
Myonuclear number
Myonuclei were stained using hematoxylin and were directly counted in 100 muscle fibers encompassed in randomly selected fields.
Identification and determination of satellite cell number
Glutaraldehyde-fixed tissues were postfixed in 1% osmium tetra oxide and processed for epoxy embedding. Embedded tissue blocks were sectioned with an LKB ultramichrotome. Thin sections showing pale gold interference were stained with uranyl acetate and lead citrate and examined with a electron microscope (Hitachi, Tokyo, Japan). The satellite cells were identified on the basis of their characteristic location and ultrastructural morphology (22, 30) by using the following criteria (see Fig. 4C ): 1) the satellite cells are mononucleated cells with independent cytoplasm; and 2) the satellite cells are situated inside the basal lamina of the muscle fiber but are separated from the fiber by a sarcolemma.
All satellite cells were counted from 300 electron micrographs obtained from each subject before and after treatment, as described previously (22) . The number of satellite cells was expressed as a percent of total myonuclear number in the muscle fiber (see a typical myonucleus shown in Fig. 4D ). The baseline characteristics of the 36 men in whom evaluable baseline and posttreatment biopsies were available are shown. The data are mean Ϯ SEM. There were no significant differences for any of the baseline variables among the five treatment groups. To convert testosterone levels from nanograms per deciliter to nanomoles per liter, multiply the values in nanograms per deciliter by 0.0347.
Identification of PCNAϩ satellite cells and nuclei
We used double immunolabeling by using anti-syndecan-4 antibody to mark basal lamina of the muscle fiber, the sarcolemma separating the satellite cells, and anti-PCNA (Santa Cruz Biotechnology, Santa Cruz, CA) antibody to mark proliferating satellite cells. The slides were counterstained with Harris hematoxylin to identify all the nonproliferating myonuclei and satellite cells. The number of muscle fibers with PCNAϩ nuclei was expressed as a percent of total number of muscle fibers (number of muscle fibers with PCNAϩ nuclei divided by the total number of muscle fibers ϫ 100). In addition, we computed the number of PCNAϩ muscle fiber nuclei as a percent of total number of nuclei inside the basal lamina (number of PCNAϩ nuclei divided by the total number of muscle fiber nuclei), as described by Mozdziak et al. (31) and Mesires and Doumit (32) .
Myogeninϩ satellite cells
In men treated with the 300-mg testosterone dose, we used antimyogenin antibody (Sc 576; Santa Cruz) to identify satellite cells that had become committed to myogenic differentiation. We used hematoxylin to stain all the muscle fiber nuclei. The number of myogeninϩ nuclei was expressed as a percent of total number of nuclei in the muscle fiber.
Activated Notchϩ satellite cells
In men treated with the 300-mg testosterone dose, we used antibodies against activated Notch (5545; Santa Cruz Inc.) to evaluate the effects of testosterone administration on Notch activation in muscle fibers. The cells expressing activated Notch were counted and expressed as percent of total muscle fiber nuclei. Confocal microscopy was used to colocalize activated Notch and PCNA.
For all immunohistochemical staining, sections that were processed concurrently without the addition of primary antibody served as negative controls.
Western blotting
The specificity of the antibodies used for immunohistochemistry was confirmed by Western blot analysis. Western blots were performed with lysates of muscle biopsies from the 300-mg group using antibodies against ␦-1 (SC 7423, Santa Cruz), Notch 2 (SC 5545, Santa Cruz), myogenin (SC576), and Numb-like antigen (MGC 3139, Protein Tech Group, Chicago, IL) and the ECL Western blot analysis system (Amersham, Chicago, IL).
Statistical analyses
All data are presented as mean Ϯ se for each of the five treatment groups. We used one-way ANOVA to compare between-group differences. If overall ANOVA revealed significant differences, post hoc comparisons were performed using Tukey's test or Dunn's multiple comparison method. Paired t tests were used to evaluate the differences between pre-and posttreatment values in each group. Pearson correlation coefficients were calculated to establish relationships between variables. Wherever applicable, the data obtained from older men (muscle fiber CSA, proportions of type I and II muscle fibers) were compared with previously reported data in healthy young men.
For all statistical analyses, a 0.05 level of significance was used. Sigma-Stat program (SPSS, Chicago, IL) was used for all statistical analyses.
Results
Baseline characteristics of the participants
The details of study design have been published previously (14) . Briefly, of the 60 older men who were randomized, 52 completed the study. Forty-one participants underwent muscle biopsies; satisfactory baseline and posttreatment muscle biopsies were available in 36 participants: eight in the 25-mg testosterone enanthate group, nine in the 50-mg group, eight in the 125-mg group, seven in the 300-mg group, and four in the 600-mg group (Table 1 and Fig. 1) .
The five treatment groups did not differ significantly in their baseline characteristics (Table 1) . Serum-free and total testosterone concentration at baseline were significantly lower (Table 2) in older men in comparison with young men reported previously (22, 33) . The combined administration of GnRH agonist and graded doses of testosterone enanthate resulted in dose-dependent changes in serum total and free testosterone concentrations in this sample of 36 men as it did in the entire sample of 52 men (14) . The mean CSA of type I muscle fibers in vastus lateralis did not differ significantly between the young and older men at baseline, but the mean CSA of type II muscle fibers in older men was significantly smaller than in young men at baseline ( Table 2 ). The number of satellite cells, expressed as a percent of muscle fiber nuclei, was not significantly different between the young and older men ( Table 2) .
Muscle fiber composition
The relative proportion of types I and II muscle fibers at baseline was not significantly different among five treatment groups (Fig. 2) . Administration of GnRH agonist plus tes- tosterone enanthate did not significantly change the proportion of types I and II fibers. However, older men had a smaller proportion of type II muscle fibers than young men. Also, in some subjects, MHC II isoforms were found to be mixed with type I MHC isoform to give muscle fibers a mixed appearance (Fig. 3D) . In some older men, as many as one third of the muscle fibers were determined to be of mixed fibers when compared with younger men, whereas less than 5% of the fibers were of mixed composition.
Muscle fiber CSA
Testosterone treatment was associated with dose-and concentration-dependent increases in CSA of both types I and II fibers in older men (Fig. 3, A and D 2 ) experienced significant increases in type I (P Ͻ 0.001) and type II (P Ͻ 0.005) muscle fiber CSA, and these changes in muscle fiber CSA in the 300-and 600-mg dose groups were significantly greater than those in the 25-mg dose group (Fig. 3A) . The changes in fiber CSA of both type I and II fibers were correlated with changes in total (type 1: r ϭ 0.575, P Ͻ 0.001; type II: r ϭ 0.476, P Ͻ 0.005) (Fig. 3B ) and free (type 1: r ϭ 0.534, P Ͻ 0.001; type II: r ϭ 0.401, P ϭ 0.05) testosterone levels (Fig. 3C ).
Myonuclear and satellite cell numbers
The average myonuclear number was not significantly different in the five treatment groups at baseline. Testosterone administration was associated with a dose-dependent increase in myonuclear number (P Ͻ 0.005) (Fig. 4A, upper  panel) . Significant increases in myonuclear number were observed in the 125-, 300-, and 600-mg dose groups, and the increase in myonuclear number in the 600-mg dose group was significantly greater than that in the 25-and 50-mg groups.
At baseline, the satellite cell number varied from 2.3 to 3.5% of the myonuclear number in older men. In response to testosterone administration, the satellite cell number increased dose dependently (P Ͻ 0.05); significant increases above baseline were noted in the 600-mg dose group (Fig. 4A,  lower panel) . The changes in satellite cell number were correlated with the changes in serum testosterone levels (P ϭ 0.535, r ϭ 0.04) but incidentally not with free testosterone levels (P ϭ 0.479, r ϭ 0.08) (data not shown). The increases in satellite cell numbers in older men were comparable with those reported previously in young men.
As shown in Fig. 4B , the changes in myonuclear number were correlated with the changes in serum total (r ϭ 0.542, P ϭ 0.0009) and free testosterone levels (r ϭ 0.413, P ϭ 0.015).
PCNA, activated Notch, and myogenin expression
Confocal microscopy revealed colocalization of active Notch and PCNA in satellite cells (Fig. 5A) . However, not all the PCNAϩ nuclei showed activated Notch expression (data not shown). As shown in Fig. 5B , the number of muscle fibers containing PCNAϩ nuclei (ANOVA P Ͻ 0.05) and the percent of PCNAϩ nuclei in skeletal muscle fibers (ANOVA, P Ͻ 0.005) were significantly greater after testosterone treatment than at baseline. We next evaluated the expression of activated Notch and myogenin proteins in men treated with the 300-mg weekly dose of testosterone enanthate because The data generated from older men in this manuscript were compared with historical data in young men that have been reported previously (22, 29) . Data are mean Ϯ SEM. To convert total testosterone levels in nanograms per deciliter to SI units (nanomoles per liter), multiply total testosterone values in nanograms per deciliter by 0.0347. To convert free testosterone levels from picograms per milliliter to SI units (picomoles per liter), multiply the value in picograms per milliliter by 3.47. Satellite cell number is expressed as a percent of myonuclear number. this group had demonstrated a large increase in satellite cell number and sufficient numbers of pre-and posttreatment biopsies were available. The number of nuclei staining positive for activated Notch was higher after testosterone treatment than at baseline (9.0% after testosterone treatment vs. 2.3% of nuclei at baseline, P Ͻ 0.05, Fig. 5C ). Immunoreactive myogenin expression was higher in satellite cell nuclei after treatment with testosterone enanthate than at baseline (20.7% myogeninϩ satellite cell nuclei after testosterone treatment vs. 6.2% of myogeninϩ nuclei at baseline, P Ͻ 0.05; Fig. 5D ). However, no significant difference was observed in Numb expression after testosterone treatment (data not shown).
Discussion
Our data demonstrate that testosterone administration in community-dwelling, older men is associated with doserelated hypertrophy of both type I and II skeletal muscle fibers, although the relative proportion of type I, type II, and mixed muscle fibers remains unchanged with testosterone administration. We are also intrigued by the observation that, compared with the young men, in whom less than 5% of the fibers were of mixed composition, in some older men as many as one third of the muscle fibers were of mixed types. Whereas the significance of this finding remains unknown, we interpret this change as a refection of change in skeletal muscle cytoarchitecture associated with aging. The number of myonuclei and satellite cells increased dose dependently with testosterone administration. The number of PCNAϩ muscle fiber nuclei and PCNAϩ muscle fibers increased in response to testosterone administration as well, suggesting that testosterone promotes the entry of myogenic precursor cells into the cell cycle. Additionally, expression of activated Notch, an important regulator of satellite cell replication, and myogenin, a marker of satellite cell activation, was increased with testosterone administration. These data are consistent with the hypothesis that testosterone administration induces skeletal muscle hypertrophy by promoting satellite cell replication and activation resulting in an increased number of myogenically committed satellite cells (23, 34 -36) .
Human studies of this type, based on the immunohistochemical and histomorphometric evaluation of muscle biopsies, have several inherent limitations, small sample size in particular. In fact, in the 600-mg group, only four men underwent biopsies and are the subject for the muscle morphometry. We also obtained muscle biopsies at a single time point, 20 wk after testosterone treatment. Therefore, transient changes in muscle gene expression would not be detected. In addition, vastus lateralis may not be representative of all skeletal muscle groups. Our data suggest an association of testosterone treatment with satellite cell activation and differentiation markers but cannot establish a cause-and-effect relationship or the time course of this response. Furthermore, our data do not exclude the involvement or even predominance of other signaling pathways, such as muscle protein synthetic or degradation pathways (37) , in mediating testosterone-induced muscle fiber hypertrophy. Therefore, the inference drawn from these data should be guarded and confirmed in nonhuman experimental models.
Our data also demonstrate that skeletal muscle fibers of older men are capable of undergoing substantial hypertrophy in response to testosterone administration. Although the proportion of type II muscle fibers is lower in older men than young men (26) , the magnitude of type I and type II muscle fiber hypertrophy observed in older men after testosterone administration was not significantly different from that reported previously in young men (26) . Also, the hypertrophic responses of both type I and II muscle fibers were correlated with the administered testosterone dose. It is possible that small differences in the responsiveness of young and older men might have been missed due to type II error. It is also pertinent to note here that testosterone supplementation in healthy older men augments IGF-I production (38) , which is known to influence muscle growth (39, 40) . Thus, we cannot rule out the possibility that IGF-I may have also contributed, at least in part, to such testosterone-induced muscle hypertrophy. It is possible that the observed effects of testosterone on muscle may result from its antiglucocorticoid effect. In animal models, glucocorticoid antagonizes the effects of testosterone; conversely, testosterone administration can prevent glucocorticoid-induced muscle atrophy (reviewed in Ref. 41) . Also, androgen administration up-regulates androgen receptor expression in the skeletal muscle (42) ; it is possible that testosterone may increase the responsiveness of the skeletal muscle to androgen action by up-regulating its own receptors. These possibilities clearly require further investigations.
The formation of skeletal muscle is a well-orchestrated multistep process controlled by the myogenic regulatory factors (MRFs). The MRF family consists of four members including, Myf5, MyoD, myogenin, and MRF4, all of which bind to sequence-specific DNA elements present in the promoter of muscle gene (reviewed in Ref. 43) . The MRFs have the unique property of converting nonmuscle cells to muscle lineage. Satellite cells play a critical role in skeletal muscle adaptation to injury or hypertrophic stimuli (43) (44) (45) (46) (47) (48) . When activated, satellite cells undergo proliferation, differentiation to myoblast formation by MRFs, such as myogenin and MyoD, and self-renewal by asymmetric cell division (48 -50) . Inhibition of satellite cell proliferation by ␥-irradiation prevents muscle growth that follows muscle atrophy due to hind limb suspension (44) . Muscle remodeling and repair after injury often involve satellite cell replication and recruitment of new stem cells into the myogenic cell lineage (34 -36) . Similarly, hypertrophy of levator ani muscle in female rats induced with exogenous testosterone administration is associated with increased satellite cell entry into the cell cycle (51) . Taken together, these animal data suggest that an increase in satellite cell number may be an important antecedent of an increase in myonuclear number and muscle fiber hypertrophy. Our data constitute the first demonstration that even in older men, testosterone administration induces substantial increase in satellite cell activation and number. These data also confirm previous findings generated in the levator ani muscle of young rodents (23, 35, 36, 51) and vastus lateralis of healthy, young men (22) .
The mechanisms by which testosterone increases satellite cell number are not known, but increases in satellite cell number could result from an increase in satellite cell replication, inhibition of satellite cell apoptosis, or increased differentiation of mesenchymal stem cells into the myogenic lineage. Testosterone administration induces a rapid proliferative response in muscle satellite cells of female rats (36) and neonatal pigs (23) , suggesting a role for testosterone in satellite cell regulation. Our previous studies suggest that testosterone promotes the differentiation of mesenchymal multipotent cells into myogenic lineage (52) in a multipotent embryonic cell line. This finding needs further confirmation in native populations of mesenchymal stem cells. The effect of testosterone on satellite cell apoptosis could not be evaluated in this study due to limited availability of tissue.
Notch, a transmembrane receptor that regulates the specification of a variety of cell types, plays an important role in somatic mesoderm development (24, 25, 53, 54) . The intracellular domain of Notch translocates to the nucleus and activates a number of transcription factors, thus regulating cell fate. Our data show that testosterone administration is associated with increased expression of activated Notch and PCNA, consistent with increased satellite cell replication. The mechanisms by which testosterone regulates Notch expression are unknown and should be investigated.
Myogenin expression increased with testosterone administration as well. We do not know whether increased myogenin expression reflects a direct effect of testosterone on myogenin transcription or whether this was an indirect effect, resulting from an increased number of myogenically committed cells. Because biopsies were obtained only at a single time point during treatment, the time course of these events could not be determined.
Although very substantial skeletal muscle remodeling is achievable with testosterone administration, even in older men, the magnitude of these anabolic effects is limited by the dose-limiting adverse effects of testosterone in older men. An understanding of the mechanistic pathways that mediate testosterone-induced muscle fiber hypertrophy may unveil novel targets for the development of anabolic therapies.
